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ABSTRACT 

We report optical-infrared (IR) properties of faint 1.3 mm sources (Si. 3 mm = 0.2-1.0 mJy) detected 
with the Atacama Large Millimeter/submillimeter Array (ALMA) in the Subaru/XMM-iVewton Deep 
Survey (SXDS) field. We searched for optical/IR counterparts of 8 ALMA-detected sources (>4.0cr, 
the sum of the probability of spurious source contamination is ~1) in a iC-band source catalog. 
Four ALMA sources have iC-band counterpart candidates within a 074 radius. Comparison between 
ALMA-detected and undetected X-band sources in the same observing fields shows that ALMA- 
detected sources tend to be brighter, more massive, and more actively forming stars. While many of 
the ALMA-identified submillimeter-bright galaxies (SMGs) in previous studies lie above the sequence 
of star-forming galaxies in stellar mass-star-formation rate plane, our ALMA sources are located in 
the sequence, suggesting that the ALMA-detected faint sources are more like ‘normal’ star-forming 
galaxies rather than ‘classical’ SMGs. We found a region where multiple ALMA sources and iC-band 
sources reside in a narrow photometric redshift range (z ~ 1.3-1.6) within a radius of 5" (42 kpc if we 
assume z = 1.45). This is possibly a pre-merging system and we may be witnessing the early phase 
of formation of a massive elliptical galaxy. 

Subject headings: galaxies: evolution — galaxies: formation — galaxies: high-redshift — galaxies: 

ISM — cosmology: observations — submillimeter: galaxies 


1. INTRODUCTION 

Since the fraction of dust-obscured star formation 
to th e total star format i on increases with re dshift 
(e.g., iTakeuchi et al.l 120051 : iLe Floc’h et al.l l20Q5h . ob¬ 
servations at infrared (IR) to millimeter/submillimeter 
(mm/submm) wavelengths are essential to understand 
the cosmic star formation history and the galaxy evo¬ 
lution. Deep and wide-field surveys uncovered a new 
population of nu n/submm-bright galaxies at high red- 
shifts (SMGs) (see lBlain et al.lDOOl . for a review). SMGs 
are highly obscured by dust, and the resulting ther¬ 
mal dust emission dominates the bolometric luminos¬ 
ity. The energy source of mm/submm emission is pri¬ 
marily from intense star formation activity, with star- 
formation rates (SFRs) of 10 2 -10 3 M 0 yr _1 . The heavy 
dust obscuration in SMGs makes it difficult to under¬ 
stand their optical/near-infrared (NIR) properties. In 
addition, the coarse angular resolution of single dish 
telescopes (>15") prevents from identifying optical/NIR 
counterparts. One of the most successful ways to iden¬ 
tify counterparts i s to obtain high r e soluti on, deep ra¬ 
dio imaging (e.g., Ilvison et al.l 1 19981 l2QQ2h . Deep ra¬ 
dio observations with interferometers reveal ro bust radio 
counterpart s of ~50%-80% of SMGs (e.g., Ilvison et al.l 
2005, 120071 ). A problem in radio identification is the 
rapid dimming of radio flux of galaxies with increas¬ 
ing redshift. The most accurate means of achieving 
high precision astrometry of SMGs is to us e interferom- 
eters at mm/submm (e.g., Ilono et al.l [2006: Wang et al.l 
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2007; I Younger et al.l I2QQ7L I2008L 120091 : lHatsukade et al.l 
20101 ), although this approach needs much time to detect 
an object compared to the radio imaging. The advent 
of the Atacama Large Millimeter/submillimeter Array 
(ALMA) has changed this situation thanks to its high 
sensitivity and high angular resolution. 

Optical/NIR follow-up observations and spectral en¬ 
ergy distribution (SED) model fits have shown that 
SMGs have substantial s t ellar masses of ~10 n -10 12 M 0 
ISmail et all 12004 : iBorvs et ahl 120051: [Dve et ah 

iMichalowski et ah l2010t lHainline et al.l l201lT h It 
is thought that SMGs are progenitors of massive ellipti¬ 
cal galaxies in the present- day universe observed during 
their formation phase (e.g . jLillv et al.lfT999L ISmail et~ahl 
2004: iSimpson et al. 2014). It is known that star-forming 
galaxies follow a tight correlation betwee n stellar mass 
and SFR (star-forming main sequence; e.g. JNoeske et all 
mi), and SMGs are found to be located above the 
main sequen ce or at the massive end of the main se - 
quence (e.g., iDaddi et~ahl 120071: Ida Cnnha et al.l 120151 ). 
These suggest that previous mm/submm surveys trace 
only a small fraction of star-forming galaxies. This 
is inferable by the fact that SMGs detected in previ¬ 
ous blank-field surveys contribute the extragalactic back¬ 
ground light, which is the integral of unresolved emission 
from extragalactic sources, by only ~20%-40% at 850 pm 
(e.g.JBarger et al.lll999tiBorys et al1 l2003: Co ppin et al.l 

20061) and ~10%-20% at 1 mm (e.g.,[ Greve et al.l 120041 

Scott et all I2008L 120101: lHatsukade et al.lfeoill ). In or¬ 
der to understand the cosmic star-formation history 
and galaxy evolution, it is necessary to study fainter 
mm/submm sources (Si mm < 1 mJy), which con- 
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nect ‘classical’ SMGs and ‘normal’ star-forming galax¬ 
ies. However, since the previous surveys of SMGs were 
conducted with single-dish telescopes, it has been very 
hard to detect fainter sources because of the limited sen¬ 
sitivity and the source confusion except for r are samples 
around gravitational lensing clusters (e.g., iChen et ahl 
120 H . and it is still unclear the optical/NIR properties 
of fainter mm/submm sources. ALMA enables us to de¬ 
tect fainter sources with the flux densities about an or¬ 
der of magnitude fainter than those detected in previous 
single-dish surveys, allowing us t o stu dy the pro perties 
of faint mm/submm sources (e.g. j Hatsuka de et al .1120131 : 
lOno et ahl 12014 iFuiimoto et al.l l2Q15h . In this paper, 
we present the optical-IR properties of ALMA-detected 
faint sources (Si. 3 mm = 0.2-1.0 mJy). The arrangement 
of this paper is as follows. Section [2] outlines the data 
we used. Section [3] describes the method of counterpart 
identification. In Section 01 we discuss the optical-IR 
properties of the ALMA-detected sources. A summary is 
presented in Section 01 Throughout the paper, we adopt 
a cosmology with Hq = 70 km s -1 Mpc -1 , (2 m = 0.3, 
and Da = 0-7. All magnitudes are in the AB system 
(jOke fc Gunnl[l983lh 

2. DATA 

We conducted ALMA band 6 observations toward 20 
star-forming galaxies at 2 ~ 1.4 in the Subaru /XMM- 
Newt on Deep Survey (SXDS) field (jFurusawa et al.l 
2008). The targets were extracted from a stellar mass 
limit (>10 9,5 Mq) sample whose redshifts and H<a 
SFR were obtained by near-infrared (NIR) spectroscopy 
with the Fibre M ulti-Object Spectro-gra ph (FMOS; 
Kimnra et al.ll20lol ) on the Subaru telescope (jYabe et al l 
2012L120141 ). The ALMA observations were carried out 
in August 2012 with 23-25 antennas during the cycle 0 
session. The correlator was used in the frequency do¬ 
main mode with a bandwidth of 1875 MHz (488.28 kHz 
x 3840 channels). We obtained 20 pointings centered on 
the 20 targets, each with on-source observing time of 8- 
15 minutes. The full width at half maximum (FWHM) 
of the primary beam is ^26". 

The data were reduced with the Co m mon Astr onomy 
Software Applications (CASA; Mc Mullin et al.l 120071 ) 
package in a standard manner. We found that the co¬ 
ordinates of a phase calibrator were wrong (by ^0.3") in 
the originally delivered data, which causes positional off¬ 
sets of sources detected in science maps. We re-calibrated 
the data by modifying the phase center of the visibilities 
of the phase calibrator manually to obtain the correct 
coordinates in the final science maps. We used the 2012 
models of Solar System Object for flux calibrat i ons in - 
stead of the 2010 models used in lHatsukade et ahl (j2013f ). 
which makes the flux density of the maps at most 15% 
smaller. The maps were processed with the CLEAN algo¬ 
rithm with the natural weighting, which gives the final 
synthesized beamsize of ^0 / . , 6-l , /3. The continuum im¬ 
ages of the 20 fields are created with the rms noise level 
of 0.04-0.10 mJy beam -1 . 

We used the area within the primary beam of the 
images for source detection. Source extraction was 
conducted on the 20 continuum images (before pri¬ 
mary beam correction) where all the sources with a 
peak signal-to-noise ratio (SN) above 3.5 were CLEANed. 
The probability of contamination by spurious sources 



Fig. 1.— Multi-wavelength images of the ALMA sources. Panels 
from left to right are ALMA 1.3 mm, Subaru/Suprime-Cam B , 
UKIRT/WFCAM K s , Spitzer/IRAC 3.6 /an, and MIPS 24 /an. 
The size of each panel is 5" x 5" for the first four panels, and 
20" X 20" for the last panel. Circles with 1" radius centered on 
the ALMA sources are presented in each panel. 


(Cspurious) is estimated by counting the negative peaks in 
each m ap as a function of SN and averaged over the 20 
images (|Hatsukade et al.l l2013). In this paper, we adopt 
the detection threshold of SN > 4.0, where C spur ious is 
less than 0.5. We detected 8 sources at SN > 4.0, of 
which three sources are the original targets of ALMA ob¬ 
servations and five sources are serendipitously-detected 
sources. The source list is presented in Table □B The 
peak flux density of the continuum sources corrected for 
the primary beam attenuation is S 1.3 mm = 0.17-1.0 mJy 
(4.0-13(7). Note that the source sizes in the images (with¬ 
out deconvolution) are not significantly smaller than the 
synthesized beamsize. In this study, we adopt the contin¬ 
uum flux density measured without excluding channels 
where CO emission lines present to be fairly compared 
with past and future studies in the continuum where the 
contamination is unknown. 

1 Two sources (AS2 and AS4) are also detected by 
IFuiimoto et al.l (|2O150 . 
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TABLE 1 

ALMA-detected Sources 


Name 

ID 

R.A. 

(J2000) 

Decl. 

(J2000) 

C a 

° 1.3mm 

(mjy) 

SN 

C b • 

spurious 

Note 

ALMA SXDS1 13015 1 

AS1 

02 17 13.63 

-05 09 40.0 

1.00 ±0.08 

13 

0.0 

original target 

ALMA_SXDS1_31189_1 

AS2 

02 17 13.33 

-05 04 02.3 

0.30 ±0.06 

4.8 

0.0 

serendipitous 

ALMA_SXDS1_31189_2 

AS3 

02 17 13.82 

-05 04 18.7 

0.35 ± 0.08 

4.3 

0.1 

serendipitous 

ALMA_SXDS1_59863_1 

AS4 

02 17 46.27 

-04 54 39.8 

0.53 ± 0.09 

6.0 

0.0 

serendipitous 

ALMA_SXDS1_59863_2 

AS5 

02 17 45.89 

-04 54 37.4 

0.30 ±0.07 

4.0 

0.4 

original target 

ALMA_SXDS1_79307_1 

AS6 

02 17 06.02 

-04 51 37.5 

0.36 ± 0.09 

4.1 

0.3 

serendipitous 

ALMA_SXDS3_110465_1 

AS7 

02 18 21.27 

-05 19 06.9 

0.39 ± 0.08 

4.8 

0.0 

serendipitous 

ALMA SXDS5 28019 1 

AS8 

02 16 08.53 

-05 06 15.8 

0.17 ±0.04 

4.4 

0.1 

original target 


Note. — a 1.3 mm flux density corrected for primary beam attenuation. b Probability of contamination by spurious sources. 



Fig. 2.— Positional offsets of the AT-band counterpart candidates 
from the ALMA sources. The dashed circle represents the offset of 
(y/4, which is the maximum expected positional offset between the 
ALMA sources and AT-band counterparts. 

3. COUNTERPART IDENTIFICATION 

Optical/IR counterparts for the ALMA sources are 
searched in the Riband-selected source catalog of 
lYabe et all (|2012l 12014th The limiting magnitude of the 
catalog is K s = 24.6 mag (2/0 aperture, 5cr), and the 
WCS accuracy of the source coordinates is ~0 7 /2—0 7 /3 
(rms). The synthesized beam size of the ALMA ob¬ 
servations is ~0/6-1/3 (major axis FWHM), and the 
expected astrometric accuracy of the ALMA sources is 
~0/06-0/3 (^FWHM/SN). Therefore, the expected po¬ 
sitional accuracy between A-band and ALMA coordi¬ 
nates is ~0/3-0/4 as thesquare-roqt of sum of squares of 
both accuracies. IHodge et al. l (2013 ) compared ALMA- 
detected SMGs with VLA 1.4 GHz counterparts and 
found that the positions are accurate to within 0 / /2— 
0/3. The average positional offsets between ALMA- 
detected SMGs and AST counterparts are foun d to be 
Q'H-Q"A (IWiklind et al.l l2f)Ti ICIien eiVTl Imfsh . The 
positions of mm/sumbm emission and A-band emis¬ 
sion, which typically trace dust-obscured and unob¬ 
scured part, respe ctively, are not necessarily coincide 
in a galaxy (e.g., Iono et ahl [200 6: Che n et all 120151: 
IHodge et al.l 120151: lHatsukad e et al.l l2Q15h . Figure Q] 


shows the 1.3 mm image for the 8 ALMA sources together 
wit h multi-wavelength im ages of Subaru/Suprime-Cam 
B (|Furusawa et al.l 120081). UKIRT/W ide Field Camera 
(WFCAM) A c ((Lawrence et al.l 120071) , Spitzer/ Infrared 
Array Camera (IRAC) 3.6 /mi, and MIPS 24 fm i (Dun¬ 
lop et al. in preparation). We found A-band coun¬ 
terpart candidates for 6 out of the 8 ALMA sources 
within a radius of 1". AS3 and AS6 have faint emission 
in the A-band image, but they are not detected in A- 
band. The positional offset between the ALMA sources 
and their A-band counterpart candidates is shown in 
Figure [2j AS2 and AS7 have a larger offset (O'/S—O'/b) 
than the expected positional accuracy of ^0/3-0/4, and 
we regard them as unidentified. The average offset 
for the remaining four ALMA sources is (ARA, ADec) 
= (—0/10 ± 0/13, +0/09 ± 0/20), which is within the ex¬ 
pected positional accuracy between A-band and ALMA 
coordinates. 

We identified A-band counterparts for four out of the 8 
ALMA sources. If we focus on the serendipitous sources, 
counterparts are found for 1 out of 5 sources. One pos¬ 
sibility for not having A-band counterparts is that the 
ALMA sources are spurious. The sum of C spur i 0 us of the 
8 ALMA sources is ~1 (Table [1]), suggesting that at least 
one source is spurious. Another possibility is that they 
are obscured by dust or at higher redshift, which could 
make the optical/NIR emission fainter than the limit¬ 
ing m agnitude of our A-band source catalog (Chen et al.l 
I2014D . The faint A-band emission in A3 and A6 may be 
from less obscured regions within the sources. While we 
expect emission at mid-IR if they have dust-obscured 
star-forming regions, they are not detected with Spitzer , 
suggesting that they may be at higher redshift if not spu¬ 
rious. 

4. DISCUSSION 
4.1. Optical-IR Properties 

For the ALMA sources with A-band counterparts, we 
investigate the optical-IR properties. Fig. [3] shows a 
A-band and IRAC color-magnitude diagram (A s ver¬ 
sus K s — 3.6 /im) (left) and a IRAC color-color diagram 
- ^ 4 . 5 ^m versus ra 5 .8/xm - rng.o^m) (right) for 
the ALMA sources. For compari son, A- band sources at 
1.0 < z < 2.0 in the catalog of lYabe et al.l ( 2014 ) are 
plotted. We also show SMGs identified in the ALMA 
follow-up observations of the LABOCA Extended Chan¬ 
dra Deep Field South surveys (ALESS). The ALESS 
SMGs in the same redsh ift range (1.0 < z < 2.0) 
are taken from iSimpson et al.l (|2014t ) . The plots show 
that our ALMA sources are bluer in K s — 777,3. 6/xm and 
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Fig. 3. — K -band and IRAC color-magnitude diagram ( K s versus K s —3.6 fi m) (left) and IRAC color-color diagram (ra3.6^m — rru.s^m 
versus ms.s^m — ^s.o^m) (right). The ALMA sources identified with the original FMOS targets and the ALMA serend ipitous source 
are presented as circles and squa res, respectively. F or comparison, we plot ALMA-identified SMGs of ISimpson et al.l (2014) (crosses) and 
AT-band sources in the catalog of lYabe et al.l (2014 ) (dots) at a spectroscopic (if available) or photometric redshift range of 1.0 < z < 2.0. 


ni 3 . 6 /xm — 7414.5/xm compared to the ALESS SMGs. 

We estimated physical quantities for our ALMA 
sources. The photometric redshift and the stellar mass 
are derived from SED fits to far-UV-mid-IR data of 
Galaxy Evolution Explorer (GALEX) far- and near-UV, 
CFHT/MegaCam u , Subaru/Suprime-Cam B , V, Rc , 
i', and z, UKIRT/WFCAM J, H and K s , Spitzer/IRAC 
3.6 pm, 4.5 /i m, 5.8 pm, and 8.0 pm. The Salpeter 
IMF ( Salpete r 19551) with a mass range of 0.1-100 M© 
was assumed. The color excess was derived from the 
rest-frame UV color, and the SFR was derived from the 
rest-frame UV luminosity densit y cor r ected for extinc¬ 
tion by using the color excess (see Yabe et al. 2012, 2014, 
for details). The quantities are summarized in Table [2j 
The standard deviation of the difference between pho- 
to metric an d spe ctroscopic redshifts in the sample of 
lYabe et all ( 2014 ) is cr ~ 0.05. We adopt A z = 0.05 
for the error of photometric redshifts. We note that 
the ALMA observing fields were centered on z ~ 1.4 
star-forming galaxies, which could be biased regions. To 
eliminate such a bias completely, it is essential to observe 
‘purely’ blank fields. In Figure 0J we compared the stel¬ 
lar mass and SFR of our ALMA with those of iGband 
sources and the ALESS SMGs at 1.0 < z < 2.0. While 
more than half of the ALESS S MGs are above the main 
sequence (|da Cunha et al.l l2015h . the ALMA serendipi¬ 
tous source is located in the main sequence. This sug¬ 
gests that ALMA-detected faint sources are likely to 
have properties similar to normal star-forming galaxies 
(lHatsukade et al.l 120131 : lOno et all 12014 iFuiimoto et al.l 
201®. 


4.2. ALMA-detected and undetected sources 

To see whether there is a common characteristic in 
sources that are detected with ALMA, we compared 
the properties of IT-band sources detected and unde- 
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Fig. 4. — Comparison of stella r mass and SFR for t he ALMA 
sources, ALMA-identified SMGs (Ida Cunha et al.l 120151 ). and the 
AT-band sources. Symbols are the same as in Fig. [3j The ALMA- 
identified SMGs and AT-band sources are at a redshift range of 
1.0 < z < 2.0. 

tected with ALMA within the field of views of ALMA 
observations. In Figure 0 we plot iGband magni¬ 
tude, stellar mass, and SFR as a function of red¬ 
shift. The plots show that the ALMA-detected sources 
tend to be brighter, more massive, and more actively 
star-forming galaxies among the iGband sources. We 
show the expected SFR for a source with Si. 3 mm = 
0.2 mJy (the faintest flux density of our ALMA sources) 
as a function of redshift in the right panel of Fig- 
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TABLE 2 

Physical properties of ALMA-detected sources with AT-band counterpart candidates 


ID 

offset a 

(arcsec) 

K s 

(mag) 

Zspec 

-^phot 

E(B — V) 
(mag) 

A44 

(M©) 

SFR(UV SED) 
(M 0 yr- 1 ) 

AS1 

0.17 

20.00 ± 0.00 

1.451 

1.42 ±0.05 

0 [ 50 +u ' uu 
U - bU -0.05 

1-871“;” X 10 11 

227 ±31 

AS4 b 

0.30 

21.28 ±0.02 

- 

1.53 ±0.05 

0 60 + °' 05 
U-UU -0.10 

4.431 i'll x 1010 

62 ±9 

AS5 

0.32 

20.19 ±0.01 

1.448 

1.43 ±0.05 

0 45+ 0 - 05 

u -^°-o.oo 

L29 ±ll x 1011 

219 ±30 

AS8 

0.18 

21.16 ±0.01 

1.348 

1.32 ±0.05 

0 35+ 0 - 05 
U - OO -0.00 

2.87l°;®g x 10 10 

73 ±10 


Note. — a Positional offset between ALMA source and AT-band counterpart candidate. b Serendipitous source. 




z 


Fig. 5.— K s magnitude, stellar mass, and SFR of AT-band sources within the field of ALMA observations as a function of redshift. The 
ALMA sources identified with the original FMOS targets and the ALMA serendipitous source are presented as red circles and squares, 
respectively. AT-band sources in the field of views where ALMA sources are detected are shown as large circles; different colors represent 
different fields. AT-band sources in the field of views where no ALMA sources are detected are shown as dots. The redshifts are spectroscopic 
(if available) or photometric. The errors on photometric redshifts (A z = 0.05) are presented in the horizontal axis. In the right panel, we 
present SFR as a function of redshift expected for a source with Si. 3mm = 0.2 mJy, T^ ust = 35 (±5 K), and (3 = 1.5 as a solid (dashed) 
line. 


ure 0 We estimate the SFR by using the SFR- 
far-IR (FIR) luminosity (Tfir) relation of iKennicuttl 
dHH). We derived FIR luminosity from Lfir = 
47rM dust i^d{^rest)B(u rest ,T dus t)du and dust mass 
from - Mdu st = ^obsBr/[{^- ~b rest)-R( z/ rest 5 ^dust)] 

(jDe Brenck et alJl2QQ3t ). where /^(zy-est) is the dust mass 
absorption coefficient, z/ res t is the rest-frame frequency, 
^dust is the dust temperature, H(z/ rest , Xdust) is the 
Planck function, S^bs is the observed flux density, and 
Dl is the luminosity distance. We assume that the ab¬ 
sorption coefficient varies as Kd oc and th e em issivity 
index lies between 1 and 2 (e.g, Hildebrand 1983). We 
adop t Kd( 125 pm) = 2.64 ± 0.29 m 2 kg -1 (|Dunne et al.1 
2003), ft = 1.5, and Xd ust = 30-40 K, typical value for 
z ~ 0-2 star-forming galaxies (e.g., Elb az et al.l 1201 lc 
iSvmeonidis et al1l2013[ ). The solid and dashed lines in¬ 
dicate that sources with -Si. 3 mm > 0.2 mJy above the 
lines can be detected with the ALMA observations based 
on the assumption that the SFRs derived from UV con¬ 
tinuum and dust emission are consistent. There are K- 
band sources within or above the lines which are not 
detected with ALMA (labeled as a, b, and c in Figure 0 
(right)). Source a is located in the same field as AS 8 . 
While AS 8 is located at the field center, source a is ~10" 
away from the field center, where the sensitivity is ^35% 
lower than that at the field center, suggesting that the 
lower sensitivity missed source a. Source b is seen in the 
ALMA image, but the SN of 3.9 is lower than the thresh¬ 
old of 4.0 adopted in this study. Around this source, two 


ALMA sources (AS4 and AS5) are detected within a nar¬ 
row redshift range, suggesting that star-for ming activity 
is enhanced by the interaction (see Section EIJ). Source 
c is located ^3" away from the center of the same field 
as AS 1 , where the rms noise level (0.08 mJy beam -1 ) is 
higher among the ALMA observing fields. In spite of the 
higher SFR, source c was not detected with ALMA, sug¬ 
gesting the SFR has uncertainty. We also investigated 
the properties of iL-band sources above the the expected 
SFR line in Fig. 0in the field of views where no ALMA 
sources are detected, and found that the non-detection 
with ALMA can be explained by lower sensitivity, or 
lower SFRs than those of ALMA sources with the uncer¬ 
tainty of SFRs estimated both from UV continuum and 
dust emission. 

4.3. Overdense around ALMA sources 

We found a region where multiple ALMA sources and 
iL-band sources reside in a small projected area (Fig¬ 
ure 1 Table El). Five iL-band sources are located within 
a radius of 5" (42 kpc if we assume z = 1.45), of which 
two sources are the ALMA sources (AS4 and AS5). 
SXPS1_59617 is also presented in the ALMA 1.3 mm 
image with SN = 3.9. Although the probability of con¬ 
tamination by spurious sources for SXPS1_59617 is 0.9 
due to the low SN, the detection in other bands (B or 
Spitzer ) suggests that the source is real. AS5 is the orig¬ 
inal target for ALMA observations, whose spectroscopic 
redshift is z sp e C = 1.448. The spectroscopic or photomet¬ 
ric redshifts of four sources (AS4, AS5, SXPS1_59617 
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TABLE 3 

Physical properties of AT-band sources in the overdense region 


AT-band ID 

8l.3mm Usp Ur ious 

(mJy) 

K s 

(mag) 

^phot 

E(B - V) 
(mag) 

(M e ) 

SFR(UV SED) 
(M 0 yr- 1 ) 

SXDS1-59617 

0.33 ±0.09 0.9 

21.02 ±0.02 

1.62 ±0.05 

0 35+ u - uu 
U.OO —o 05 

8 ' 08 to.74 X 1010 

109 ± 15 

SXDS1-60181 

<0.23* 

22.44 ± 0.04 

1.35 ±0.05 

0 40+ 0 - 05 
u -^ u -o.oo 

™ x 10 9 

25 ±3 

SXDS1-60394 

<0.23* 

23.55 ± 0.09 

2.37 ±0.05 

U.OO —o 05 

7.05t«|“ x 10 9 

134 ± 30 


Note. — * 3 cr upper limit. 
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Fig. 6.— Multi-wavelength images around the multiple ALMA 
sources. From left to right: ALMA 1.3 mm, Subaru/Suprime-Cam 
B, UKIRT/WFCAM K s , Spitzer /IRAC 3.6 //m, and MIPS 24 pm. 
The dashed circle shows a region within a radius of 5" (42 kpc at 
2 = 1.45). The small circles represent the positions of iL-band 
sources. 


and SXDS1_60181) are ~1.3—1.6, suggesting the pres¬ 
ence of an overdense region by considering the uncer¬ 
tainty of photometric redshifts, although the apparent 
condensation of the galaxies may be chance coincidence. 
SXDS 1_60394 with z p hot = 2.37 may be a background 
source. The expected number of IT-band sources with 
K s < 23.55 mag (the magnitude of the faintest source 
in this region) or with K s < 22.44 mag (the magnitude 
of the faintest source excluding SXDS1-60394) which fall 
in an area with a radius of 5" is 0.7 and 0.3, respec¬ 
tively. In a similar way, the expected number of submm 
sources with -Si. 3 mm > 0.2 mJy is ~0.1-0.2 (base d on the 
1.3 mm number counts of Hatsuka de et al.ll2013[ ). These 
suggest that this region has an excess of K -band sources 
and submm sources. AS5 appears to have a hint of tidal 
feature in the H-band image, suggesting an interaction. 
This region is also detected in Spitzer 24 pm and with 
Herschel (though as a single source due to its limited 
angular resolution), suggesting that the star-forming ac¬ 
tivity is increased. It is possible that these sources are a 
pre-merging system, and we may be witnessing the early 
phase of formation of a massive elliptical galaxy. As¬ 
suming that at least two sources including AS5 merge 
into a galaxy, the stellar mass would be 10 n -10 12 M 0 . 
It has been difficult to find such pre-merging systems 
in previous mm/submm observations due to the limited 
sensitivity and angular resolution before ALMA. 


5. SUMMARY 

We studied the optical-IR properties of 8 ALMA 
1.3 mm faint sources detected in our deep observations in 
SXDS. We searched for iL-band counterparts and found 
counterpart candidates for four ALMA sources within a 
radius of 074. The sum of probability of contamination 
by spurious sources for the 8 ALMA sources is ~1, and 
it is likely that at least one them is spurious. Possible 
reasons for no iL-band counterparts are the ALMA de¬ 
tection is spurious, the optical/NIR color is bluer and 
faint in K Sl a larger offset between 1.3 mm emission 
and iL s -band emission, obscured by dust, and at higher 
redshift. While more than half of the ALMA-identified 
SMGs are above the main sequence, the ALMA serendip¬ 
itous source is located in the main-sequence, suggesting 
that the ALMA-detected faint sources have properties 
similar to ‘normal’ star-forming galaxies. Comparison 
between iL-band sources detected and undetected with 
ALMA within the field of views suggests that ALMA- 
detected sources tend to be brighter in iL-band, more 
massive, and more actively star-forming galaxies. 

We found a region where multiple ALMA sources and 
iL-band sources reside within a radius of 5" and in a 
photometric redshift range of ~ 1.3-1.6. This may be a 
pre-merging system and the early phase of formation of 
a massive elliptical galaxy. 
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